Abstract: A temperature insensitive vector curvature sensor of photonic crystal fiber (PCF) is presented based on core-offset splicing and waist-enlarged fiber taper. Obvious red and blue shifts in transmission spectrum appear at two symmetrical bending directions with sensor length of 10, 13, 16, and 19 mm and vector curvature of 0.12-1.06 m -1 . The longer the sensor length is, the larger the curvature sensitivity is. The corresponding sensitivity with concave bending and convex bending are increased on average by 0.44 and 0.43 nm/m -1 , respectively, while the sensor length increases per 1 mm. Moreover, when sensor length is 16 mm, the temperature sensitivity is only 1.73 pm/°C in 20-90°C; therefore, it has the temperature insensitive property. Obviously, the reported sensor could avert crosssensitivity of temperature and curvature when measured together. It is prospective being used in industrial production, building monitoring, aerospace, and other fields in view of its easy fabrication, simple structure, and high sensitivity.
Introduction
Fiber optic sensors have the obvious advantages of small size, anti-electromagnetic interference and high sensitivity compared with other sensors [1] - [4] . In recent years, flexural measurement technique gets more and more widely used in the fields of machinery, bridge, architectural structure and other areas such as health monitor at bending deformation of high precision instruments and equipment. The structure parameters such as stress, strain, curvature and so on in the construction engineering especially, which could reflect the characteristics of the materials and structural mechanics, are the foundation of assessing the state of building structure. There are a lot of reports based on different structure optical fiber curvature sensors, such as Michelson interferometer [5] , Fiber Bragg Grating (FBG) [6] , [7] , Photonic Crystal Fiber (PCF) [8] , [9] , and other types of sensors with microstructures [10] , which could be well applied to the curvature measurement. Pengcheng Geng [11] et al. reported a curvature vector sensor on the base of two long period orthogonal FBGs getting their curvature vector measurement. Dong [12] et al. designed an optical fiber bending sensor with core shift structure, its bending sensitivity of 2.826 nm/cm -1 . Li et al. [13] presented their curvature sensors on the strength of waveguide array optical fiber with the sensitivity of 10 nm/m −1 within the curvature scope of 0-10 m −1 . However, the sensors mentioned above exist some problems, such as the complex manufacture of FBG sensor, the cross-sensitivity when measuring temperature and curvature together, which seriously influence the measurement precision of the sensor. Due to its simple manufacture, compact structure and the characteristic of PCF as being insensitive to temperature, research about Mach-Zehnder PCF sensor is gaining increasing attention.
In view of the analysis above, a PCF curvature sensor is proposed based on core-offset splicing and waist-enlarged fiber taper in this paper. The curvature sensor is made by technique of coreoffset splicing and excessive fusion splicing for PCF, using ordinary commercial splicing machine, thus a PCF curvature sensor with core-offset splicing and waist-enlarged fiber taper is prepared by analyzing the influence of splicing parameters on the sensor spectrum. The relationship of sensing arm length and interference period is presented by means of core-offset splicing with axial asymmetry to realize the curvature vector measurement. Experimental study on the curvature of the sensor and temperature characteristics has been done, and the results show that the sensor has high sensitivity of curvature response and can detect the bending curvature on both directions and can then solve the problem of cross-sensitivity of temperature and curvature when measured together.
Basic Principle
The structure of the core-off splicing and waist-enlarged fiber taper is shown in Fig. 1 . It is made by core-offset splicing one end of the PCF with the single-mode fiber (SMF) on the direction of y axis, and excessively fusion splicing the other end with another SMF. An asymmetrical cascading SMF-PCF-SMF structure is presented.
As shown in Fig. 1 , x represents the abscissa axis of the sensor cross sections, y is its vertical axis, and L is the fusion splicing length of PCF, namely the length of the core-offset splicing and waist-enlarged fiber taper. H is the diameter of splicing joint, and h is the offset of PCF. When the fusion splicing SMF with PCF, different splicing situation would cause different change of fiber structure at fusion splices and then give rise to mismatch of fiber mode field; therefore, the input light at the core-offset splicing joint A and excessive fusion splicing point B would separately produce light splitting and combining phenomenon. When the light passes through the core-offset splicing joint A, a part of the light is coupled into the PCF cladding, and the other part of the light continues to remain in the PCF core, transferring light by fiber cladding mode and core mode, respectively. Due to the effective refractive index difference between the PCF cladding mode and the core mode, the two parts of the light transferring through cladding mode and core mode can lead to the phase difference after certain optical transmission distance. If the cladding mode and the core mode are regarded as the sensing arm and the reference arm of the interferometer respectively, they will intervene at the excessive fusion splicing point B, forming a Mach-Zehnder interferometer.
According to the theory of double beam interference, the intensity of the output light [14] of this Mach-Zehnder interferometer is
where I 1 and I 2 are the intensity of the transmission light through fiber core mode and cladding mode respectively. ϕ is the phase difference produced by these two transmission light, namely
where n r eff and n d eff are the effective refractive indexes of fiber core mode and cladding mode, respectively. λ is the light transmitting wavelength in the optical fiber, n eff is the effective refractive index difference between fiber core mode and cladding mode. The interference spectrum would appear in a series of maximum and minimum values in the transmission process, and the maximum value will appear at the value ϕ = 2πm, reaching
In (3), m = 1, 2, 3 . . . . . .; thus, the central wavelength λ m of the m order interference fringe could be expressed as
When the external environment makes the fiber bending, the effective refractive index of the fiber core mode and cladding mode of PCF will be changed due to the elastic-optic effect of the fiber, and then affects the optical path difference between fiber core mode and cladding mode, causing interference spectrum shifting. Therefore, it can be known that the center wavelength shift [15] of the m order interference fringe of the sensor caused by the change of the external curvature is
where n is the variation of the effective refractive index difference between PCF fiber core mode and cladding mode. The cylindrical symmetry of the fiber structure is destroyed on account of core-offset splicing and excessive fusion splicing. Especially, when the light is passed through the core-offset splicing joint A, a part of the fiber core fundamental mode is coupled into the cladding, which leads to the energy of the light in the forward direction along y axis in the transmission process is greater than that in the negative direction of y axis. When the fiber is bent, the increase of the effective refractive index near the outside of the fiber axial is greater than that of the inside. Therefore, when the sensor is concave to the bending, the fiber core mode is close to the outer side of the fiber axis, and the increases of the effective refractive index of the cladding mode will be less than that of the fiber core mode, causing the n positive, and then λ m positive, which indicates that the interference fringe moves toward to the long wave direction. Conversely, when the sensor fiber is convex to the bending, the interference fringes will be shifted to the short wave direction. Therefore, the direction and the magnitude of the bending curvature can be determined by detecting the shift direction and shift distance of the center wavelength of certain order interference fringes. By using (5), it can be evaluated that when n is certain, the longer L is, the greater the optical path difference between fiber core mode and cladding mode accumulated on L will be, then the larger the corresponding interference fringes shift of the sensor will be, and the higher the sensitivity of the sensor will be. Therefore, the length of the sensor can be increased to improve the sensitivity of the sensor. 
Experiment and Results Analysis

Preparation of the Sensors
The SM-10 type PCF solid core optical fiber used in the experiment is supplied by Yangze Optical Fiber & Cable company. It has three layers of air holes arranged in a hexagonal structure. The cladding diameter is 125 μm, the fiber core diameter is 9.5 μm, and its end face is shown in Fig.  2 (a). FITEL-S178A optical fiber splicer is used for sensor preparation. The splice of PCF and SMF is carried out by manual splicing. Firstly, strip the coating of a PCF with stripping pliers, then place it on the splicing machine to splice it with SMF after alcohol wiping. Finally, different splicing joints can be obtained by adjusting different splicing methods. By increasing the impelling quantity of two sides of the optical fiber spliced, the waist-enlarged fiber taper with excessive splicing is produced, as shown in Fig. 2 (b). The diameter of splicing joint H is 155 μm. In the splicing process, the axial asymmetry of the fiber is caused by manual misalignment, then a core-offset splicing joint is formed, the offset of h is 6 μm, as shown in Fig. 2 
(c).
In the experiments, the curvature sensors of core-offset splicing and waist-enlarged fiber taper are prepared with the sensor length of 10 mm, 13 mm, 16 mm, and 19 mm, respectively, and their transmission spectrum are shown in Fig. 3 .
In Fig. 3 , we can see that with the increase of the length of the sensors, the number of the interference period of the transmission spectrum increases, that is, the interference fringe spacing decreases. It can be derived from (4), the fringe spacing λ m is
Due to the close proximity of m order interference fringes center wavelength and m+1 order's, λ m and λ m+1 can approximately be regarded as equal amounts λ m for convenience.
According to (6) , it can be concluded that with the increase of the sensor length L, the fringe spacing λ m decreases gradually, and the number of interference period increases gradually, which is consistent with the experimental results.
By analyzing a large number of experimental results, it is found that if the fiber misalignment and the diameter of the waist-enlarged fiber taper are too small, it is not easy to stimulate the cladding mode transmission. And the large misalignment and diameter of the waist-enlarged fiber taper can also cause the transmission energy loss too much, which leads to the difficulty of detecting the formed interference fringe.
Therefore, after repeated experiment studying, it is accepted that when the fiber displacement is 6 μm on y direction for SMF and PCF, and the diameter of the waist-enlarged fiber taper is 155 μm, a curvature sensor with core-offset splicing and waist-enlarged fiber taper, possessing distinct interference fringe and obvious shift, will then be produced.
Spectral Analysis
The transmission spectra with sensor length of 10 mm, 13 mm, 16 mm and 19 mm shown in Fig. 3 are carried out by fast Fourier transform respectively, which can be used to analyze the main modes of the interference in Mach-Zehnder interferometer, as shown in Fig. 4 . , there is only one main peak, and its amplitude is greater than other small peaks. Therefore, the interference between two modes in Mach-Zehnder interferometer is generated by mutual interference with base model transmitted by the fiber core and the mode corresponding to the main peak. After the calibration is obtained, for sensor length of 10 mm, 13 mm,16 mm and 19 mm, the corresponding main spatial frequency spectrum on Fourier spectrum is 0.033429 nm −1 , 0.044486 nm −1 , 0.055479 nm −1 and 0.066590 nm −1 . The phase difference ϕ is carried out by Taylor equation, then we get
where λ 0 is the central wavelength of the interference fringe, set as 1550 nm. λ is the difference between wavelength λ of the light transmitted in the fiber and the central wavelength λ 0 of the interference fringe. For the interference spectrum of cosine type, there exists
Therefore, the spatial frequency ξ can be deduced by (7) and (8)
Using the main spatial frequencies obtained from the experiment in Fig. 4 , combined with (9), it can be figured out that the effective refractive index difference n eff between fiber core and cladding mode are 0.00803, 0.00822, 0.00833, and 0.08420, corresponding to the sensor length of 10 mm, 13 mm, 16 mm, and 19 mm, respectively. The effective refractive index in PCF transmission of several groups with high order mode rate can be obtained by using a full vector finite element method, and the effective refractive index difference between the high-order mode and the fundamental mode are calculated, the results are shown in Table 1 .
Comparing the data in Table 1 , it can be known that the effective refractive index difference between the fundamental mode and LP 11 mode is 0.007291. The result is approximately consistent with the effective refractive index difference of the two modes gained from experiment. Therefore, it is believed that the interference spectrum obtained in the experiment is caused by the interference between the fundamental mode and the LP 11 mode. 
Curvature Sensing Experiment
The schematic diagram of the experimental system for curvature measurement is shown in Fig. 5 . In experiments, the wavelength range of Amplified Spontaneous Emission(ASE) broadband light source is within 1520-1610 nm, and the experimental data is recorded by AQ6375 type Optical Spectrum Analyzer (OSA).
In the curvature measurement system, both ends of a steel ruler are level fixed on the two threedimensional adjustable platform. Move the top of the lifting platform F on the steel ruler up and down, and then can change different distanced on the underdraught of the ruler to achieve different degrees of bending steel ruler. The curvature expression [16] is obtained by the movement distance of the lifting platform and the distance between two three-dimensional adjustable platforms
where R is the bending radius of curvature, d is the movement distance of the lifting platform, 2S is the distance between two three-dimensional adjustable platforms, its initial value is 260 mm. In order to study the influence of the length of the sensor on its curvature sensitivity, the sensor lengths of 10 mm, 13 mm, 16 mm, and 19 mm were used to carry out the curvature sensing experiment. In the experiment, the sensor is fixed on the lower surface of the steel ruler, the ruler and sensor must fit tightly to ensure the bending degree of change the steel ruler is to change the bending degree of the sensor. SMF at both ends of the sensor are connected with the light source (ASE) and the OSA, respectively. The distance between the two three-dimensional platforms is kept constant during the experiment. By changing the moving distance of the lifting platform to change the curvature, a total of 9 transmission spectra are recorded for each decrease in 1 mm. According to (10) , the corresponding curvature variation range is 0.12∼1.06 m −1 . The schematic diagram of the sensor for concave bending is shown in Fig. 6 . Different curvature is obtained according different distance at lower pressure. Observing the transmission spectra, the transmission spectrum of different curvature with different sensor length for concave bending is shown in Fig. 7 .
As seen from Fig. 7 , with the increase of the moving distance of the lifting platform, the curvature of the sensor bending becomes larger and larger. The transmission spectrum is gradually shifting to the long wave direction, which has obvious red shift phenomenon. Calculate the wavelength shift of the transmission spectrum in the vicinity of 1590 nm trough, and the relationship between wavelength shift and curvature can be obtained, as shown in Fig. 8 .
It can be seen from Fig. 8 , for the sensor with the length of 10 mm, 13 mm, 16 mm and 19 mm for concave bending, the corresponding curvature sensitivity is 5.84 nm/m −1 , 7.33 nm/m −1 , 8.32 nm/m −1 , and 9.87 nm/m −1 , respectively, and the linearity R 2 is 0.99361, 0.99047, 0.99662 and 0.99246, respectively, showing a good linear relationship between the wavelength shift and the change of curvature. This is because when the bending curvature of the sensor changes, the elastic-optic effect of the fiber will make the effective refractive index of fiber core mode and cladding mode in the PCF sensing area change accordingly, then n r eff and n d eff will be increased. When the fiber is bent, the increase of the model effective refractive index near to the outer side of the fiber axial is greater than that near to the inner side. It can be known from Fig. 6 that the fiber core mode is close to the outer side of the fiber axis when the sensor is concave to bending, as a result, the change of n r eff is larger than n d eff . By (5), it is known that the difference between the fiber core mode and the cladding mode is positive, and the value of λ m is positive, which indicates that the transmission spectrum shifts to the direction of long wave. With the increase of the bending degree, the difference between the fiber core mode and the cladding mode is gradually increasing, and the absolute value of λ m is also increasing. Consequently, with the increase of curvature, red shift will occur for the transmission spectrum of the sensor, and as the sensor length increases, its curvature sensitivity also increases accordingly. The experimental results are in good agreement with the theoretical analysis. Make the sensor turn 180 degrees based on the fiber center axis as the center shaft and then fix it on the lower surface of the steel ruler, then do the same operation by changing the moving distance of the lifting platform to change the curvature. Pressing downward the ruler is equivalent to make the sensor convex bending. Schematic diagram of the sensor convex bending is shown in Fig. 9 .
As the fiber curvature increases, an obvious blue shift phenomenon will happen to the transmission spectrum corresponding to different curvature. The transmission spectra corresponding to the different curvature for convex bending are shown in Fig. 10 .
It can be viewed from Fig. 10 , along with the increasing bending curvature of the sensor, the transmission spectrum shifts to the direction of short wave. Calculating the wavelength shift of the transmission spectrum near to 1590 nm trough, it comes to the relationship between wavelength shift and curvature, as shown in Fig. 11 . and -9.74 nm/m −1 respectively. And the linearity R 2 is 0.99869, 0.9945, 0.99395, and 0.99412, respectively, illustrating a good linear relationship between the wavelength shift and the curvature change. The negative sign only indicates the direction of wavelength shifts. It is attributed to the change of the bending curvature of the sensor, the increase of the model effective refractive index near to the outer side of the fiber axial is greater than that near to the inner side. As shown in Fig. 9 , when the sensor is convex to bending, the fiber core mode is close to the inner side of the fiber axis, the change of n r eff is smaller than n d eff consequently. Thus, the difference between the fiber core mode and the cladding mode is negative. When increase the bending degree, the absolute value of λ m gradually increase. As a consequence, known from (5), with the increase of curvature, blue shift will happen to the transmission spectrum of the sensor. With the sensor length increases, its curvature sensitivity increases correspondingly. The experimental results are greatly consistent with the theoretical analysis.
From the curvature experimental results, we can know the transmission spectra will shift with curvature changes at 10 mm ∼19 mm sensor length. The part of transmission spectra became irregular, which is unfavorable to detection with the length of 19 mm. When the sensor length less than 10 mm, the transmission spectra has a little shift, and also unfavorable to detection. Therefore we design the experiment at 10 mm ∼19 mm sensor length. In order to further verify the relationship between the length of the sensor and the sensitivity of curvature, namely with the increase of the length of the sensor, the sensitivity of curvature increases. Curvature experiments have been done on the sensor length of 10 mm, 13 mm, 16 mm, and 19 mm, respectively. The results show that for concave bending red shift has been happened to all the sensors in the curvature range of 0.12∼1.06 m −1 near the trough of 1590 nm, and the shifts to the long wavelength are 5.56 nm, 6.9 nm, 7.49 nm and 8.31 nm respectively, the corresponding curvature sensitivity are 5.84 nm/m −1 , 7.33 nm/m −1 , 8.32 nm/m −1 and 9.87 nm/m −1 separately. Inversely for convex bending it occurs to blue shift at all the sensors, and the shifts to the short wavelength are 5.34 nm, 6.88 nm, 7.35 nm, and 9.47 nm respectively, the corresponding curvature sensitivity are −5.79 nm/m −1 , −7.31 nm/m −1 , −8.31 nm/m −1 , and −9.74 nm/m −1 separately. The curvature sensitivity of the four groups of sensors for concave and convex bending is summarized, and the relationship between the sensor length and the curvature sensitivity is obtained by the scanning point method, as shown in Fig. 12 .
It can be learned from Fig. 12 , for sensors with different lengths in concave bending and convex bending, phenomena of red shift and blue shift will take place respectively. And with the increase of the sensor length, the phenomena of red and blue shift in concave and convex bending are more and more obvious. Each 1 mm increasing of the sensor length would separately cause an average increase in the corresponding sensitivity of 0.44 nm/m −1 and -0.43 nm/m −1 for concave and convex bending. The results show that the curvature sensitivity is, indeed, with the increase of the sensor length, and it is known from (5) that the longer L is, the greater the shift amount of the corresponding interference fringes of the sensor are, then the higher the sensitivity of the sensor is. The experimental results coincide with the theoretical analysis very well.
Temperature Sensing Experiment
In the temperature sensing experiment, place and fix the sensor with length of 16 mm on the glass sheet, then put it in the temperature control experiment box. Connect SMF at the two ends of the sensor to the ASE light source and OSA respectively.
Through setting different temperature value on the temperature control box, the measurement of different temperature can be performed. Set the temperature changes in the range of 20∼90°C on the control box. Stabilize for 20 minutes and record the spectrum after the temperature reaches the preset value each time. The temperature is measured every 10°C. The corresponding transmission spectra at different temperatures are shown in Fig. 13 .
It is visible from Fig. 13 , with the increase of temperature, the transmission spectrum of the sensor has a slight shift to the long wave direction. Analyze the transmission spectrum, and calculate the wavelength shift in the vicinity of 1560 nm trough, thus the relationship between wavelength shift and temperature can be gained, as shown in Fig. 14 . At this point, the temperature sensitivity of the sensor is only 1.73 pm/°C, which indicates it is insensitive to temperature.
The main reason for its insensitivity to temperature lies in when the ambient temperature changes, due to the influence of thermo-optic effect and thermal expansion effect, the refractive index of the fiber is changed, causing the wavelength shift of the sensor transmission spectrum. The shift of the center wavelength [17] on m order interference fringe caused by ambient temperature change can be regarded as
where p t represents change of effective refractive index difference between the two modes produced interference when the external temperature is changed, α is the material's thermal expansion coefficient, T is the external temperature change. Because PCF is mainly composed of SiO 2 , and its thermal expansion coefficient is only 5 × 10 −7 /°C, the material thermal expansion effect caused by the temperature difference is very small, which leads to its little impact on the change of transmission mode. For this reason, the variation of p t caused by it is approximate to zero. As a consequence, the sensor prepared by PCF in this article is insensitive to temperature, which avoids the cross-sensitivity of temperature and curvature when measured together.
Thereby, the PCF curvature sensor with core-offset splicing and waist-enlarged fiber taper character is not only easy to be produced but also has the ability to identify the direction, and has higher curvature sensitivity. According to the experimental results of the curvature and temperature, it shows that when the sensor is in convex and concave bending, as the curvature increasing, interference spectrum respectively occurs to blue and red shift, and there is a good linear relationship between wavelength shift and the change of curvature. As the result, PCF curvature sensor characterized by core-offset splicing and waist-enlarged fiber taper can measure the direction and the size of the curvature simultaneously. In addition, PCF curvature sensor has the characteristics of temperature insensitive, and can effectively avoid the cross-sensitivity problem of the temperature and the curvature in the measurement process.
In 20∼90°C, the total wavelength shift is only 0.39 μm for this sensor. Especially, these experiments are carried out at room temperature, and lead to a smaller temperature changing. Moreover, the temperature sensitivity of the sensor is only 1.73 pm/°C. That is, the wavelength shift is only 1.73 pm for each degree change in temperature. This shift is minor compared to the wavelength shift in curvature measurements. Thereby, we can strip the influence of temperature when doing curvature sensing.
Conclusion
In this paper a PCF curvature sensor characterized by core-offset splicing and waist-enlarged fiber taper is described in detail. It is produced by separately connecting the two ends of PCF to SMF by core-offset splicing and excessive splicing method. The experimental results show that for sensors with length of 10 mm, 13 mm, 16 .74 nm/m −1 , respectively. Sensors with different lengths for concave bending and convex bending occur to red and blue shift seperatedly, and with the increase of sensor length, the shift phenomena are more and more obvious. Each 1 mm length increase can lead to the sensitivity of its corresponding bending average increased by 0.44 nm/m −1 and 0.43 nm/m −1 . The longer the sensor length is, the greater the interference fringe shift of the corresponding sensor is, and the higher the curvature sensitivity of the sensor is. They have good linearity. For sensor with length of 16 mm, its temperature sensitivity is only 1.73 pm/°C, insensitive to temperature. Compared with other types of curvature sensor, the sensor proposed in this article has the advantages of easy preparation, high sensitivity, and the ability of direction recognition. The sensor is insensitive to temperature, which avoid the problem of cross-sensitivity of temperature and curvature measured meantime. It definitely has a good application prospect in the fields of aerospace, large machinery, and so on.
